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[57] ABSTRACT

A sensor system that detects a current representative of a
compound in a liquid mixture features a two-electrode strip
adapted for releasable attachment to signal readout circuitry.
The strip comprises an elongated support (preferably flat)
adapted for releasable attachment to the readout circuitry; a
first conductor and a second conductor each extend along the
support and comprise means for connection to the circuitry.
An active electrode, positioned to contact the liquid mixture
and the first conductor, comprises a single layer deposit of
an enzyme capable of catalyzing a reaction involving the
compound, a conductive material and an electron mediator,
capable of transferring electrons between the enzyme-
catalyzed reaction and the first conductor. A reference elec-
trode is positioned to contact the mixture and the second
conductor. The system includes circuitry adapted to provide
an electrical signal representative of the current. The two-
electrode strip is manufactured, e.g., by screen printing an
admixture of an enzyme, a conductive material, and a
mediator as a single layer onto the substrate.

9 Claims, 6 Drawing Sheets
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STRIP ELECTRODE WITH SCREEN
PRINTING

CROSS-REFERENCE TO RELATED
APPLICATIONS

This is a continuation of application Ser. No. 08/281,131
filed on Jul. 27, 1994 which is a continuation of Ser. No.
07/888,264, filed May 22, 1993; which is a continuation of
Ser. No. 07/768,359, filed Sep. 30, 1991; which is a con-
tinuation of Ser. No. 07/634,968, filed Jan. 7, 1991, which is
a continuation of Ser. No. 07/002,120, filed Jan. 12, 1987,
which is a continuation-in-part of Ser. No. 06/607,599, filed
May 7, 1984, now abandoned. The following U.S. patent
applications filed May 7, 1984 and owned by applicants’
assignee, Medisense, Inc. are hereby incorporated by refer-
ence: Sensor For Components Of A Liquid Mixture (U.S.
Ser. No. 607,699); Assay Techniques Utilizing Specific
Binding Agents (U.S. Ser. No. 607,695); Assay Systems
Using More Than One Enzyme (U.S. Ser. No. 607,698);
Assay Systems Utilizing More Than One Enzyme; (U.S. Ser.
No. 607,607).

BACKGROUND OF THE INVENTION

This invention relates to enzymatic sensor electrodes and
their combination with reference electrodes to detect a
compound in a liquid mixture.

Various electrochemical sensors are known which employ
enzymes to sense the presence of a compound that serves as
an enzyme substrate. As just one example, Nakamura U.S.
Pat. No. 4,224,125 discloses an enzyme electrode system in
which an enzyme, such as glucose oxidase, is used to sense
glucose. A redox compound is used to accept electrons from
the enzyme. For example, at 10:21-49, Nakamura discloses
(FIG. 5) press molding to the electrode a mixture of glucose
oxidase cross-linked by gluteraldehyde and a fluorocarbon
polymer powder together with a cation exchange resin
containing potassium ferricyanide. Nakamura’s electrode
system (FIG. 2) consists of three electrodes: an enzyme
electrode 7, a reference electrode 8, and a counter electrode
10.

In another example, Pace U.S. Pat. No. 4,225,410 dis-
closes a multi-layer enzyme sensor; for example sensor 14b
(FIG. 7b) measures levels of lactate dehydrogenase. NAD™
is generated at a fourth electrode 82, and the enzymatic
reaction converts it to NADH which is sensed at monitoring
electrode 84 by undisclosed means. A barrier/counter elec-
trode 80 and a reference electrode 85 are used in conjunction
with monitoring electrode 84.

SUMMARY OF THE INVENTION

One aspect of the invention generally features a two-
electrode strip for releasable attachment to signal readout
circuitry, forming a sensor system that detects a current
representative of a compound in a liquid mixture. The strip
comprises an elongated support (preferably flat) adapted for
releasable attachment to the readout circuitry; a first con-
ductor and a second conductor each extend along the support
and comprise means for connection to the circuitry. An
active electrode, positioned to contact the liquid mixture and
the first conductor, comprises a deposit of an enzyme
capable of catalyzing a reaction involving the compound.
Electrons are transferred between the enzyme-catalyzed
reaction and the first conductor to create the current. A
reference electrode is positioned to contact the mixture and
the second conductor.
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2

The preferred embodiment of the strip includes the fol-
lowing features. An electron mediator (most preferably a
ferrocene) is included in the active electrode deposit to effect
the electron transfer. The compound being detected is
glucose, and the enzyme is glucose oxidase or glucose
dehydrogenase. The active electrode and the reference elec-
trode are coatings applied to the elongated support, e.g. the
active electrode is formed by printing (e.g. screen printing)
an ink comprising a conductive compound, the enzyme and
the mediator, and the reference electrode is also formed by
screen printing. The means for connecting to the readout
circuit are positioned toward one end of the elongated
support, and the electrodes are positioned remote from that
end.

In a second aspect, the invention features apparatus that
includes the above-described strip and circuitry adapted to
provide an electrical signal representative of the current. The
read-out circuitry comprises an amplifier to amplify the
current, a low-pass filter connected to the amplifier output,
a current-to-voltage converter connected to the filter output,
and a means to display a value representative of the output
of the converter. The apparatus also includes means to
maintain a substantially constant bias voltage across the
electrodes during current measurement, even without a
separate voltage reference in contact with the mixture.

In a third aspect, the invention features screen printing the
enzyme onto a substrate to form an enzymatic sensing
electrode. The ink used for screen printing includes a liquid
vehicle, a suspension of conductive material, and the
enzyme. Preferably, it also includes a mediator capable of
transferring electrons between the enzymatic reaction and a
conductor on the substrate. Also preferably, the substrate is
a flexible, high-dielectric polymeric substance, such as poly-
vinyl choride, polyester, or polycarbonate.

The invention enables a very small, inexpensively
manufactured, disposable electrode strip that provides an
accurate electronic readout of the target compound. In
particular, the active electrode is sized to be covered by the
smear of blood produced from a drop of blood (even a
non-expressed drop) generated from a needle-prick at a
bodily extremity, and the reference electrode is sized and
spaced from the active electrode a distance such that the
reference electrode is covered by the same smear of blood.

Other features and advantages of the invention will be
apparent from the following description of the preferred
embodiment.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

We first briefly describe the drawings.

Drawings

FIG. 1 is a front view of a strip-supported electrode
configuration;

FIG. 2 is a back view of the combination shown in FIG.
1

FIG. 3 shows an alternative strip-supported electrode;

FIG. 4 shows a strip-supported electrode which is a
variant of FIG. 3;

FIG. 5 shows a modified connection of the strip electrode
of FIGS. 3 and 4;

FIG. 6 shows a further alternative supported electrode;

FIG. 7 shows a combination of two electrode supports;

FIG. 8 shows diagrammatically the electrical performance
of electrodes as described in the above Figures, with especial
reference to FIGS. 6 and 7,
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FIG. 9a and 9b are general diagrammatic side views of a
pen-like portable holder, of particular utility for the elec-
trodes shown in FIGS. 3, 4 and 5, having an assembly of
circuitry and having a read-out window;

FIG. 10 shows a schematic diagram of one form of
electrical circuitry for use with the electrodes and equipment
of the present invention;

FIG. 11 shows a more elaborated circuit diagram for use
in the embodiment of FIG. 10;

FIG. 12 shows a schematic diagram of an alternative
embodiment of electrical circuitry; and

FIG. 13 shows the more elaborated circuit diagram of a
yet further embodiment of circuitry.

ELECTRODE STRUCTURE

In general, the strip electrode of the invention comprises
a conductive electrode coated with a mixture, or layers, of a
catalytically active enzyme and a mediator compound and
usually further coated with a retaining permeable mem-
brane. When such a coated electrode is contacted with a
substrate containing a species for which the enzyme exerts
a catalytic effect, the mediator compound transfers charge to
the electrode and this can be used to give a readout signal,
against a standard electrode, correlated with the concentra-
tion of the said species, even in the presence of other species
since enzymes are typically highly selective in their catalytic
action. Commonly owned Ser. No. 607,699 generally
describes methods of coating a conductive electrode with
enzyme and mediator; that application is hereby incorpo-
rated by reference. The mediator compounds described in
Ser. No. 607,699 include polyviologens, fluoranil and chlo-
ranil. However, the preferred mediator compounds are met-
allocene compounds, and in particular the ferrocenes
(biscyclopentadienyl iron and its derivatives).

The particular advantages of ferrocenes are as follows: (a)
a wide range of redox potentials accessible through substi-
tution of the cylopentadienyl rings (b) functionalization of
the rings, e.g., to confer solubility or chemical linkability to
other such rings or other system components (c) electro-
chemically reversible one-electron redox properties (d)
pH-independent redox potential and (e) slow autooxidation
of the reduced form.

The ferrocene structure may be modified by substitution
on the rings, and/or by association or polymerization, which
modifications affect the physical, chemical and electrical
behavior so that optimization of a particular sensor electrode
material is possible. In general use, the compound 1,1'
dimethylferrocene is a valuable mediator. The particular
enzyme employed may be selected from a range of enzymes
including the following:

Enzyme Substrate
Flavo-Proteins

Pyruvate Oxidase Pyruvate
Amino Acids Oxidase

Aldehyde Oxidase Aldehydes
Xanthine Oxidase Xanthines
Glucose Oxidase Glucose
Glycollate Oxidase Glycollate
Sarcosine Oxidase Sarcosine
Lactate Oxidase Lactate
Glutathione Reductase NAD(P)H
Lipoamide Dehydrogenase NADH

10

15

20

25

30

35

45

50

55

60

65

-continued
Enzyme Substrate
PQQ Enzymes
Glucose Dehydrogenase Glucose
Methanol Dehydrogenase Methanol and Other
Alkanols
Methylamine Dehydrogenase Methylamine
Haem-Containing Enzymes
Lactate Dehydrogenase Lactate

(Yeast Cytochrome b2)
Horse-Radish Peroxidase
Yeast Cytochrome ¢
Peroxidase
Metalloflavoproteins

Hydrogen Peroxide
Hydrogen Peroxide
Carbon Monoxide

Oxidoreductase
Cuproproteins

Carbon Monoxide

Galactose Oxidase Galactose

The strip electrode has the following design criteria. The
electrodes on the strip should be as small as possible and the
strip should preferably be disposable. The strip should be
elongate for ready handling as an electrode for ready assem-
bly to equipment on the one hand and contact with the
sample on the other. It must be sensitively manipulable. It
must carry, prior to assembly or in the assembled structure,
the reference electrode as well as the ‘sensitive’ electrode, in
spaced non-contiguous relationship.

The invention is particularly useful for selective
detection, measurement or monitoring of a given dissolved
substrate in a mixture of dissolved substrates.

The elongate support could be a rod or tube, but conve-
niently it comprises a flat strip.

The active electrode is preferably formed of carbon e.g.,
a filter paper containing carbon. We have also found that
carbon foil e.g., as available under the Trade Marks “GRA-
PHOIL” or “PAPYEX” is a valuable electrode material. The
enzyme thereon can in theory be any enzyme, e.g., those
listed in U.S. Ser. No. 607,699, and itemized above but the
use of glucose oxidase or dehydrogenase, e.g., the bacterial
glucose dehydrogenase from Acinerobacter calcoaceticus is
particularly valuable. Any suitable mediator compound can
be used, but ferrocene or ferrocene derivatives (expecially
1,1'-dimethylferrocene) are greatly to be preferred.

By way of example only, carbon foil can be glued to the
strip; 1,1'-dimethylferrocene mediator can be deposited on
the surface of the foil by evaporation of a toluene solution;
and enzyme can be bonded to the surface by the use of
1-cyclohexyl-3-(2-morpholinoethyl) carbodiimide metho-p-
toluene sulphonate (referred to below as “carbodiimide™).

The reference electrode can be any convenient reference
electrode. We have found it useful to provide adjacent but
not contiguous to the first electrode, a flat layer of silver and
to convert the surface thereof to silver chloride so as to give
an Ag/AgCl reference electrode.

Typically, the electrical connections can be wires which
extend down, and are preferably adhered to, the strip, and
make electrical contact each with its respective electrode.

The readout means is preferably a digital indicator suit-
ably connected to a dedicated potentiostat which poises the
carbon electrode potential at e.g. +150 mV vs. Ag/AgCl for
a glucose system. The current flowing is then proportional to
glucose concentration.

In a particular valuable version of this type of sensor, it
comprises (a) a flat first electrode area of known area small






